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ABSTRACT: Pristine graphene is known to be non-magnetic due to its π-conjugated electron 
system. However, we find that localized magnetic moments can be generated by chemically 
attaching boron atoms to the graphene sheets. Such spin-polarized states are evidenced by the spin-
split of the density of states (DOS) peaks near the Fermi level in scanning tunneling spectroscopy 
(STS). In the vicinity of several co-adsorbed boron atoms, the Coulomb repulsion between 
multiple spins leads to antiferromagnetic coupling for the induced spin states in the graphene 
lattice, manifesting itself as an increment of spin-down state at specific regions. Experimental 
observations and interpretations are rationalized by extensive density functional theory (DFT) 
simulations. 
While pristine graphene is known to be intrinsically non-magnetic due to its π-conjugated 
electron system1, Lieb2 proposed that the ground state of graphene may possess a total spin given 
by S=1/2×|NA–NB|, where NA and NB are the number of pz orbitals removed from each triangular 
sublattice. Single magnetic states close to the Fermi energy (EF) can therefore be induced by 
removing pz orbitals from one of the carbon sublattices
3-7. As the double occupation of such a 
magnetic state by two electrons with different spins is hindered due to the Coulomb repulsion, an 
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energy split can be observed near the Fermi energy, with the energy difference being determined 
by the strength of Coulomb repulsion U8. However, the removal of the pz orbital may not 
necessarily result in net magnetism8,9, as magnetic moments can only be induced if the strength of 
the Coulomb repulsion U is significantly larger than the energy width Δ of the split states (πΔ/U<1). 
Despite several attempts of removing pz orbitals in π-conjugated carbon systems, either by 
creating atomic vacancies or by chemically doping graphene with hetero-atoms3-5,10-18, local 
magnetic states at the atomic scale were not reported until very recently by Brihuega et al.8. In 
these experiments the chemisorption of single hydrogen atoms on graphene was observed to induce 
a magnetic moment of 1 𝜇𝐵, and the polarized states were evidenced by the characteristic split of 
resonance peaks. Following on from their pioneering study, two key issues remain unclear: (1), 
whether heavier dopants would produce a larger moment per adsorption site; and (2), whether 
these magnetic moments interact between multiple adsorption sites. In this article, we show that 
localized magnetic moments can be induced in the graphene lattice by the chemisorption of boron 
atoms. Each boron atom gives rise to a magnetic moment of 2.8 𝜇𝐵, which is much larger than the 
moment due to an adsorbed hydrogen atom8. More importantly, antiferromagnetic coupling 
between the induced spins is observed, giving rise to an increment of spin-down states in specific 
locations. 
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Figure 1. STM images and DFT simulations of the single substitutional boron dopant. (a) Large-
area STM image of the synthesized BG sheet on SiO2/Si, Vb=-700 mV, Is=50 pA. The raw STM 
image was digitally flattened by removing the overall roughness of the substrate. The inset shows 
the corresponding FFT pattern. (b) High-resolution STM image for single boron substitutional 
dopant 1B (upper) and a height profile measured across such dopant (lower). (c) The structural 
model (left) and corresponding DFT simulation (right) of graphene with a substitutionally doped 
boron atom. (d) dI/dV spectrum of the substitutional dopant 1B. (e) Calculated spin-DOS of the 
single substitutional boron-doped graphene. 
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  Boron doped graphene (BG) sheets were synthesized using ambient-pressure chemical vapor 
deposition (CVD), the details of the sample preparation can be found in the Methods part of the 
supporting information. The identity of boron atoms is confirmed by X-ray photoelectron (XPS) 
and Raman spectroscopy (Details of the XPS characterization can be found here19). For B-doped 
graphene, two prominent peaks located at 186.4 eV and 190.3 eV are identified in the B1s line 
scans19. The peak of 190.3 eV, can be assigned to the substitutional boron atoms embedded within 
the graphene lattice 20,21. A Bader analysis shows that the chemisorbed boron carries less positive 
charge (+1 |e|) compared to the substitutional boron (+3 |e|). As a consequence, the binding energy 
of the chemisorbed boron is less than that of the substitutional boron. Therefore, the peak located 
at ~186 eV in the XPS spectra can be assigned to the chemisorbed boron22. STM/STS 
measurements were performed on BG sheets after transfer onto SiO2/Si substrates. A large-area 
scan shows a surface with corrugations of 0.6 ~ 1.0 nm, which can be attributed to the roughness 
of the SiO2/Si substrate. This roughness leads to difficulties in the identification of boron atoms, 
compared to graphene on a flat substrate8. We therefore flattened the raw data by subtracting the 
background roughness. As shown in Figure 1a, the carbon honeycomb lattice is decorated with 
numerous protrusions. Since these protrusions are absent in pristine graphene we identify them as 
boron dopants. The fast Fourier transform (FFT) image presented in the inset of Figure 1a exhibits 
the typical reciprocal hexagonal symmetry of the graphene lattice (outer hexagon) and the inter-
valley scattering peaks (inner hexagon), representing the enhanced electron scattering induced by 
the B-defect. Different from the well-studied nitrogen doped graphene23-26, boron dopants have 
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been much less researched24,27-29. Figure 1b shows an STM image on which a single protrusion is 
observed. A line profile across such protrusions shows an apparent height of 0.5 Å. DFT 
simulations reveal that it is a single substitutionally doped boron atom (referred to as “1B”, as 
shown in Figure 1c) and the calculated corrugation is about 0.7 Å, in good agreement with 
experimental observations. The STS acquired on a single boron dopant shows an overall U-shaped 
curve with no obvious feature near the Fermi level, implying no pz orbital being removed upon 
substitutional-doping (Figure 1d). The conclusion is further confirmed by DFT calculations, which 
show that the spin-up and spin-down component of the DOS of the substitutionally doped boron 
atom is fully compensated (Figure 1e), leading to a net magnetism of 0 𝜇𝐵. This can be understood 
from the fact that the electrons from boron atoms are embedded in the graphene lattice, so that the 
conjugation of pz orbitals over the atomic plane of graphene is not affected. Other types of 
substitutional boron dopants were also investigated by both STM/S and DFT calculations, all give 
a zero magnetic moment (see supplementary Figure S1 for details). 
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Figure 2. STM image and DFT simulations for a chemisorbed boron atom. (a) High-resolution 
STM image for chemisorbed boron atoms. Vb=-700 mV, It=50 pA. Inset: A height profile measured 
along the blue dashed line across the protrusion. (b) dI/dV spectrum measured on the site of the 
chemisorbed boron atom. (c) Structural model (upper) and DFT simulation (lower) of the single 
chemisorbed boron atom. (d) Top (upper) and side views (lower) of the spatial distribution of the 
calculated spin-up (red) and spin-down (blue) DOS. (e) Calculated spin-polarized density of states 
of the single chemisorbed boron. 
By contrast, the situation for chemisorbed boron atoms is completely different. Figure 2a gives 
much brighter protrusions, the apparent height now is about 1.3 ~ 1.6 Å above the carbon lattice. 
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According to our DFT modeling and STM image simulation (Figure 2c), single boron atoms prefer 
to attach at the bridge sites of graphene, with an apparent height of 1.8 Å. More intriguingly, the 
DOS (measured at 4.2 K) acquired on the chemisorbed atoms exhibit a distinct peak located at +7 
meV and a weak shoulder at +70 meV (Figure 2b), which differs significantly from the 
substitutional case. No prominent feature is observed at the Fermi level in the region far away from 
the adsorbates. Considering the similarities between the STS spectrum of the chemisorbed boron 
atom, the spectra on carbon vacancy defects30, and on hydrogen adsorbates8, we attribute the 
feature to an impurity-induced magnetic resonance. It is also worth noting that the Dirac point Ed 
varies with the spatial locations, originating from the local inhomogeneity of doping, which is 
more prominent for CVD-grown graphene. We have obtained various spectra with different Dirac 
point energies Ed over the studied surface, as shown in Figure S2. Note that the peak splitting 
remains unaltered within the error bar. 
According to the Anderson impurity model in which a single electronic state is attached to the 
host graphene state, the energy of the localized states can be written as: 𝐸↑ = 𝐸D − 𝑈n↓; 𝐸↓ =
𝐸D + 𝑈n↑, where n is the occupation of each of the two spin states, 𝐸D is the energy of the Dirac 
point, and U is the strength of the Coulomb repulsion which can be determined by the splitting of 
the magnetic peaks9,31. For the chemisorbed single boron atom, U is measured to be 63 meV, which 
is much larger than that of a hydrogen atom8. Additional differences are that the chemisorption of 
H atoms leads to spin-split peaks with 𝑛↑=1, 𝑛↓=0, and where 𝐸D is below to the Fermi energy. In 
our case, 𝐸D is located at +7 meV, slightly above EF, which might be due to a shift of the local 
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Dirac point, induced by the boron doping. The introduction of magnetic states via boron 
chemisorption is further evidenced by DFT calculations. The spin-polarized density of states (spin-
DOS) of the single chemisorbed boron atom on the graphene lattice is shown in Figure 2e (the 
calculated spin-DOS with a wider energy window is provided in Figure S3). For comparison, the 
calculated spin-DOS of the vacancies in graphene lattice is provided in Figure S4, in which a 
localized spin is observed. Both, the prominent DOS peak for the spin-up component and the weak 
DOS peak for spin-down component appear near EF, giving a total induced magnetic moment of 
2.8 μB. 
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Figure 3. Propagation of spin-split states in the graphene lattice. (a) Highly resolved STM image 
for a single chemisorbed boron atom. Vb=-700 mV, It=50 pA. The image size is about 0.9×6.5 
nm2. The lower panel illustrates the propagation of the induced spin state. (b) A series of dI/dV 
spectra recorded along the black dashed line in (a) with a distance separation of 1 Å. The dI/dV 
spectra are superimposed with the colored differential conductance map. The position of the boron 
atom is indicated by a yellow arrow. (c) The distribution of the intensities of the +7 meV peak with 
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the tip displacements. Insert: Direction of the tip displacements. The blue dashed line is the fitting 
curve. The position of the boron atom is indicated by the black dashed arrow. 
 
DFT calculations reveal that the spin-polarized electronic states are mostly localized around the 
adsorbed boron atom, as shown in Figure 2d. Different from the chemisorbed H that sits at the on-
top site of carbon, the boron atom prefers to adsorb at the bridge site between two adjacent carbon 
atoms. Correspondingly, the spin-split states are in evidence on both of the two adjacent carbon 
atoms. Since these two carbon atoms belong to different graphene sublattices, the spin-split states 
are created in both sublattices and propagate along their respective sublattices, as shown in Figure 
2d. To confirm the spatial distribution of the magnetic states, a series of dI/dV spectra was recorded 
along a dashed line across a boron adsorbate at equal separations of 1 Å (Figure 3a). Here, we only 
extract the intensity of the peak located at +7 meV since it is much stronger than that at +70 meV. 
From both, the differential conductance map (Figure 3b) and the extracted peak intensity (Figure 
3c) plotted with respect to the lateral tip displacements, a slow decay of the resonances is in 
evidence, accompanied by a periodic oscillation. The periodicity of the spatial distribution of the 
magnetic states is 0.62 nm, corresponding to the atomic separation of one sublattice orientated 18° 
deviated from the zigzag direction (Figure 3c). Such a propagation of spin-split states can be well 
reproduced via an empirical formula, exp (−
𝑥
𝐿
) [∑ 𝐹𝑢𝑛𝑐𝑃𝑒𝑎𝑘(𝑥 − 𝑥𝑐)] . Here, x is the tip 
displacements, xc is the lateral position of intensity maxima and L is the decay length. Func is a 
series of Gauss peaks with various peak positions. The decay length is then calculated to be about 
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1.5 nm by fitting the peak intensity. The periodicity is different along different directions. For 
example, as shown in Figure S5, the dI/dV spectra along the zigzag direction have a periodicity of 
2.8±0.2 Å, close to the atomic separation along the zigzag direction of the carbon lattice (2.56 Å). 
It is noteworthy that the adsorption of boron atoms at the bridge site does not break the sublattice 
symmetry of graphene, which is different from previous reports2,8. In fact, a boron adatom will 
induce spin polarization in both sublattices and propagate in each sublattice individually. 
 
Figure 4. Spin interactions from multiple boron adsorbates. (a) From top to bottom, respectively: 
topographic image (four chemisorbed boron atoms indicated by the shadowed circles), 
conductance map acquired at +7 meV and conductance map acquired at +70 meV. Images are 
obtained at 4.2 K. (b) Three representative dI/dV spectra measured at the sites indicated in (a), 
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showing the spin-up dominance, spin-down dominance and the coexistence of comparable spin 
states, respectively. (c) A series of dI/dV spectra recorded along the black dashed line shown in (a) 
equally separated by 1 Å. The spectra acquired on the top of boron atoms are indicated with yellow 
arrows. (d) Calculated spin intensity distributions based on the assumption of antiferromagnetic 
interaction among adjacent induced spins. The positions of boron atoms are indicated by the golden 
balls. 
 
As a single chemisorbed boron atom can induce spin polarization in surrounding electrons, it is 
of particular interest to study the interaction of the spin states induced by multiple boron 
adsorptions. Figure 4a shows an STM image of a region that includes multiple chemisorbed boron 
atoms. Figure 4b gives three representative dI/dV spectra taken at different positions in Figure 4a. 
The spectrum acquired above the boron atom (red dot and red curve), shows a dominant peak 
located at +7 meV and a weak shoulder at +70 meV, the spectrum acquired in the middle area 
exhibits two split peaks with comparable intensities (blue curve), while at the positions of black 
dots the spectrum exhibits a dominant peak at +70 meV and a weak shoulder at +7 meV (black 
curve). To further investigate the spatial distributions of the spin-split peaks, a series of dI/dV 
spectra (Figure 4c) were taken along the black dashed line given in Figure 4a. The spin-split peaks 
are always observed, and the peak positions remain unchanged, while the relative intensity varies 
spatially. This phenomenon can be further scrutinized by conductance maps, as shown in Figure 
4a. The dI/dV image acquired at +7 meV exhibits four distinct protrusions, corresponding to the 
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four adsorbed boron atoms. At the energies of +70 meV, the DOS above these adsorbed boron 
atoms is suppressed. By contrast, the DOS is substantially enhanced along the sides of the triangle 
defined by the black dots. According to previous reports8, the spin-split peaks are a result of 
Coulomb repulsion between electrons of different spins. The intensity of the +7 meV and +70 meV 
peaks therefore represents the level of spin-up and spin-down occupation, respectively. The 
occupation of spin-down states is negligible at boron adsorbates (Figure 3b), whereas it is 
enhanced within the boron triangle. The enhancement of the spin-down component can only be a 
result of the Coulomb interaction between multiple spins. This interaction between multiple spins 
is akin to a “pseudo-antiferromagnetic” spin interaction for induced spin states. To clarify the 
effect, a spin intensity map was calculated numerically, based on the assumption of 
antiferromagnetic interaction between the induced spin states generated by the three boron atoms; 
it is shown in Figure 4d. The spin intensity maps are in good agreement with the maps shown in 
Figure 4a, and they show a periodic variation of the spin amplitudes. In a non-magnetic system 
similar effects can be observed for the electron densities, for example in a quantum corral on 
silver32. It is therefore tempting to think of the area enclosed by the boron adsorbates as a similar 
type of corral, only in this case a spin quantum corral. 
  In summary, we report that localized magnetic moments can be generated by chemically 
attaching boron atoms on CVD prepared graphene sheets. The magnetism arises from the removal 
of local pz orbitals from the carbon sublattices by the chemisorption of boron atoms. The magnetic 
polarization is characterized by the splitting of the resonance peaks close to the Fermi level, which 
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is experimentally evidenced by STS measurements. These spin-split states extend 1.5 nm over the 
surface. In the vicinity of several co-adsorbed boron atoms, the Coulomb repulsion between 
multiple spins leads to antiferromagnetic coupling for the induced spin states in the graphene 
lattice, manifesting itself as a redistribution of the spin-up and spin-down state occupation, which 
can be interpreted as “quantum spin corral”. 
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1, Methods 
Synthesis: The synthesis of large-area BG sheets was achieved using a bubbler-assisted 
chemical vapor deposition (BA-CVD) system operating at ambient pressure. A typical 
run for BG synthesis can be described as follows. Firstly, copper foils (99.8% purity, 
25 μm thick; Alfa Aesar) were cleaned in a diluted HCl aqueous solution (HCl:H2O=1:3 
vol/vol), dried with N2, and then loaded into the quartz tubing reactor. After degassing, 
the reactor was heated up to 1,000 °C stepwise and kept constant for 10 min to anneal 
the copper foils. Then, a TEB/hexane solution was bubbled with 1 sccm Ar into the 
reactor at 1,000 °C for 5 min. Finally, the reactor was cooled down to room temperature 
in an Ar flow. The copper foils with BG sheets were taken out of the reactor for further 
characterizations. 
 
Transfer: As-grown BG sheets were on copper foils. In order to carry out STM/STS 
characterizations, they were transferred onto other substrates (e.g. silicon wafers). For 
large-area transfer onto silicon wafers, poly(methyl methacrylate) (PMMA) was used 
as a protective layer. Typically, the top surface of BG sheets was firstly coated with 
PMMA by spin coating at 4000 rpm for 60 s. Then, Cu foil underneath the BG sheet 
was etched away in copper etchant (FeCl3/HCl (0.5 M/0.5 M) aqueous solution in 
present work) at 50 °C. Next, PMMA/BG sheets were rinsed several times in deionized 
water to remove the FeCl3 residues. Afterwards, a piece of SiO2/Si wafer was used to 
fish the floating PMMA/BG sheets from deionized water. Finally, PMMA was removed 
from the top surface of BG sheets by alternative rinse in acetone (10 s) and isopropanol 
(10 s) solvents for 2 min. A high-quality, large-area BG sheet could thus be obtained on 
SiO2/Si wafer after blowing solvents away with compressed N2. 
 
STM: STM measurements were conducted with a home-built variable temperature 
STM in an ultrahigh vacuum (UHV) system with a base pressure better than 1×10-10 
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mbar. The BG/SiO2/Si samples were loaded into the low-temperature STM. The 
samples were degassed in UHV at 200 °C for one hour before performing the STM/S 
measurements. In this study, all the STM/S data were acquired at 77 K or 4.2 K if not 
otherwise stated. A commercial Pt-Ir tip was prepared by gentle field emission at a clean 
Au(111) sample. The bias voltage was applied on the sample during the STM 
observations. The STM images were analyzed using WSxM1. 
 
Calculation: The first-principles DFT calculations were carried out with the Vienna Ab 
Initio Simulation Package (VASP)2. The core and valence electronic interactions were 
described with the frozen-core projector augmented-wave (PAW) potentials3. The 
Kohn-Sham single electron states were expanded in plane waves with a kinetic energy 
of up to 400 eV. The exchange correlation energy was calculated with the Perdew-
Burke-Ernzerhof (PBE) of generalized gradient approximation (GGA)4. The tolerance 
of 10-4 eV was chosen for energy convergence of electronic calculations. The graphene 
was modelled with a (9 × 6) unit cell. A large vacuum of 20 Å along the direction normal 
to the surface was employed to separate surfaces from their periodic images. The 
integration over the 2D Brillouin zone is replaced by a summation over a Monkhorst-
Pack (MP) grid of 6×6 k-points. STM images were simulated using the Tersoff-
Hamman approach implemented in the bSKAN code5. 
To simulate the spin polarized DOS variation in Figure 4d, we first build a model with 
three boron atoms, located at three corners of a triangle. Then by measuring the 
distances between each Boron atom in the experiment, we created a corresponding 
graphene lattice in between. After that, we used the oscillation period and the decay 
length obtained from Figure 3, to calculate the induced spin-distribution maps for these 
three boron atoms, considering the interaction between the multiple spins. 
 
2, Various kinds of substitutional dopants and the calculated spin-DOS  
Figure 1d shows that substitutionally doped boron atoms would not lead to net spins. 
To further confirm this, we calculated the spin-DOS of three alternative conditions: 1, 
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Two boron atoms dope substitutionally at adjacent positions within same sublattice, 
referred to as 2BAA. 2, Two boron atoms occupy two opposite positions belonging to 
different sublattices, referred to as 2Bpara. 3, Single nitrogen substitutionally doped 
nitrogen atom, referred to as 1N. All of them have the spin-up and spin-down 
components of the DOS fully compensated, giving rise to an induced magnetic moment 
of 0 μB. 
 
 
Figure S1. STM image, structural model, STM simulation and spin-DOS of four kinds 
of dopants: (a) Two boron atoms dope substitutionally at adjacent positions within the 
same sublattice. (b) Two boron atoms occupy two opposite positions belonging to 
different sublattices. c, Single nitrogen substitutionally doped nitrogen atom. 
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3, dI/dV spectra acquired at different positions. 
Figure S2 gives various spectra with different Dirac point energy Ed over the studied 
surface. Note the peak splitting retains unaltered within the error bar. 
 
Figure S2.  dI/dV spectra acquired at different locations with different Dirac point 
energies 
4, Calculated spin-polarized DOS with wider energy window. 
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Figure S3. A wider energy window spin-polarized DOS of Figure 2e. 
 
5, The calculated Spin-DOS of the carbon vacancy 
  To check the validity of our calculations, we calculated the DOS of the well studied 
vacancy in graphene sheets. As shown in Fig. S2b, a prominent DOS peak for the spin-
up component and the weak DOS peak for spin-down component appears near EF, 
giving a total injected magnetic moment of 1.2 μB. The position of the magnetic moment 
near the graphene vacancy agrees well with the experimental observations6-9.  
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Figure S4. Optimized structural model (a), spin-DOS calculation (b) and the spin 
distribution (c) for single vacancy of graphene. 
 
6, The distribution of spin-up state along the zigzag direction.  
 
Figure S5. Propagation of the spin-up state along the zigzag direction. a, a series of 
dI/dV spectra taken along the zigzag direction of graphene across a single boron 
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adsorbate. b, the peak intensity of the spin-up state is plotted with respect to the tip 
displacements. An oscillating and decaying dependence is clearly shown. The 
periodicity is measured to be around 2.8 Å. However, due to thermal drift, the real 
periodicity is 2.56 Å. This is clear evidence that the spin state is only propagating in 
one set of sublattices. 
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